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(54) Method and apparatus for quantum communication 



(57) A quantum state or qubit is transmitted f roni a 
sender (10) to receiver (12) using a quantum teleporta- 
tion. For this purpose, first, second and third photons 
([1], [2] and [3]) are successively produced from a laser 
source (22). The first photon is modified in polarization 
(x^ , y^ ) according to encoded information to be sent. The 
second and third photons are mutually quantum-me- 
chanically correlated and shared by the sender and re- 



ceiver, respectively. The sender measures the polarized 
states (Xi , yi ; X2, Vz) coinciden tally appearing first 
and second photons and transmits measurement out- 
comes to the receiver via classical communication. The 
receiver recovers information of the first photon ([1]) 
from the third photon ([3]) based on his measurement 
and the measurement outcomes transmitted by the 
sender. 
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Description 

[0001] The present invention relates to a method and an apparatus for a quantum communication, arid more partic- 
ularly to a method and an apparatus adapted for use in transmitting a quantum mechanical state or qubit from a sender 
S' to a receiver. 

[0002] Present information processing concerns transmissions conveying classical Boolean states 0 and 1 (bits), in 
which security of the communication becomes of greatest- importance with the development of the network of commu- 
nication. Therefore, cryptography schemes with a security against undetected eavesdroppers have been proposed. 
[0003] In contrast to this, recent quantum information processing involves quantum states (qubits; practically, the 

10 polarized states of a photon). Quantum information theory concerns the transmission of quaritum states from a sender 
" to a receiver. The classical Boolean states 0 and 1 can be represented (encoding) by a pair of different states of a 
qubit. The qubit can exist in an arbitrary complex linear combination (superposition) of classical Boolean states. In 
quantum information processing, these arbitrary unknown states can be transmitted by quantum teleportation, which 
guarantees near-perfect security of the communication. 

15 [0004] The original scheme of the teleportation was proposed by C.H.Bennett et al. (Physical Review Letters, vol. 
70 (1993). 1895). According to Bennett, in this scheme, the sender and receiver must prearrange the sharing of an 
£PR.correlated pair of particles. Sender (Alice) makes a joint measurement on her EPR particle and the unknown 
quantum system (encoded qubit), and sends to Receiver (Bob) the classical results of four measurement outcomes 
with equal probabilities via a classical message line. Knowing this, Bob can convert the state of his EPR particle into 

20 an exact replica of the unknown state which Alice destroyed. Bob can get the transmitted information through the 
decoding of this replica. 

■ [0005] This is a process that disembodies the exact quantum state of a particle [1 ] into classical data and Einstein- 
Podoisky-Rosen (EPR) correlations (an entangled state of particles [2] and [3]), and uses these Ingredients to reincar- 
nate the state in another particle [3] which has never been anywhere near the first particle. This disembodiment ot the 

25 exact quantum state of the particle [1] evades eavesdropping. A quantum teleportation scheme of the type proposed 
by Bennett et al. is of great interest for quantum communication free from any eavesdropping. 
[0006] From the measurement theoretical point of view, however, their intact scheme of teleportation would be difficult 
for its realization, since this original teleportation scheme of an unknown state is based on the existence of non-local 
long range correlations between the EPR pair of particles relevant to the notion of wave function collapse which is 

30 nothing but the almost direct paraphrase of the von Neumann projection postulate. This projection postulate necessarily 
leads to the EPR paradox. As a result of this paradox, the epistemological discussion on the nature of physical reality 
cannot be avoided. Such philosophical arguments concerning the conceptual aspects of the EPR problem are beyond 
the realm of physics. Furthermore. If one follows the von Neumann projection postulate, it is difficult to understand the 
negative-results measurement and the results of some of the neutron Interferometry experiments. A rational theory of 

35 measurement and a correct understanding of the EPR problem are necessary to realize quantum teleportation. 

[0007] It is, therefore, an object of the present invention to provide a new method and apparatus that can realize 
quantum communication free from any eavesdropping using teleportation without resorting to the von Neumann pro- 
jection postulate. 

[0008] In accordance with the present invention this object can be attained by a method for a quantum communication 
40 adapted for use in transmitting a quantum state or qubit from a sender to a receiver, comprising the steps of generating 
photons successively; generating from the successively generated photons a first photon with its polarization modified 
according to encoded information to be sent; generating from the successively generated photons second and third 
photons having polarization quantum-mechanically correlated; measuring the polarization of the coincldentally appear- 
ing first and second photons successively on the sender's side to transmit measurement outcomes therefrom to the 
45 receiver via classical communication; and successively measuring on the receiver's side the polarization of the third 
photon appearing in quantum- mechanically correlated relationship with the second photon, the polarization of the first 
photon being recovered on the third photon based on the measurement outcomes transmitted by the sender. 
[0009]^ The above object can also be attained by a new apparatus for a quantum communication adapted for use in 
transrhitting a quantum state or qubit from a sender to receiver, comprising a light source for generating photons sue- 
so cessively; means for successively producing from the photons a first photon with its polarization modified according 

"to encoded information to be sent"td prodiJce a' qubit' having a' sijperpositibh'of horizohta Vertically polarized 

states with predetermined coefficients; means for successively producing from the photons second and third photons 
having horizontally or vertically polarized states which are mutually quantum-mechanically correlated; means for suc- 
cessively measuring on the sender's side the polarized states of the coincidentally appearing first and second photons; 
55 mearis for transmitting outcomes of measurement from the send r to receiver via classical communication; and means 
for measuring on the receiver's side the polarized state of the third photon appearing in quantum-mechanically corre- 
lated relationship with the second photon, the superposition of the horizontally and vertically polarized states of the 
first photon being recovered on the third photon based on the measurement outcomes transmitted by the sender. 
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[0010] In the present invention, the well-known components of spin are measured by following the law of conservation 
of spin angular momentum to realize quantum teleportatlon through a mixture as an ancilla. This allows the receiver 
to recover the sender's chosen qubit on his own particle by teleportation. For practical quantum teleportatlon, photons 
are preferably used instead of spin. In this case, the sender performs coincidence counting on the polarized states of 

5 the first and second photons successively and sends its results to the receiver via a classical message. The receiver 
takes the correlations between the measurement outcomes of the polarized states on the third photon and the trans- 
mitted classical message to decode the information encoded in the qubit of the first photon. The arrangement according 
. to the present invention thus guarantees the realization of the quantum communication with near-perfect security. 
[0011] An embodiment of the present invention will now be described, by way example only and with reference to 

10 ' the'^^accompanying drawings, in which: " • . - • - - 

Figure 1 is a diagram showing the basic flow chart of a quantum communication according to the present Invention; 
Figure 2 is a block diagram illustrating an arrangement of optical elements used for a quantum communication 
apparatus using the polarization of photons; 

Figure 3 is a diagram showing coincidence counting of the polarized states at eight terminals of the sender's block 
in Figure 2; 

Figure 4 is a diagram showing the transmission of measurement outcomes to a receiver via classical message 
line and a correlation between measurements on the sender and receiver sides; 

Figure 5 is another diagram illustrating an arrangement of optical elements used for a.quantum communication 
apparatus using the polarization of photons; 

Figure 6 is a modified diagram showing, the transmission of measurement outcomes to a receiver via classical 
message line and a correlation between measurements on the sender and receiver sides using two added Faraday 
rotators; and 

Figure 7 is an illustrative timing chart showing the coincidence counting of photons [1] and [2] by the sender and 
the correlation between the receiver's results and the classical message. , . 

Principle 

[0012] It is indispensable to correctly understand measurement processes of physical quantities in order to grasp a 
30 quantum communication using teleportation. Although much confusion has occurred for solutions of the theory of measr 
urement which starts from the famous work by von Neumann, S.Machida and M.Namiki (Progress of Theoretical Phys- 
ics, vol.63 (1980), 1457; 1833) have proposed an elaborate theory with respect to the wave function collapse. In their 
theory of measurement, which does not rely upon the von Neumann projection postulate, they used statistical operators 
to describe -quantum states and introduced the state of an apparatus system to show that the resolution of difficulties 
35 concerning the wave function collapse does not exist in a demonstration of the disappearance of other branch waves, 
but should be derived from the concept of decoherence. 

[001 3] In the EPR problem, two subsystems and a measuring apparatus constitute a composite system. In a quantum 
teleportation scheme of the type proposed by Bennett et al.. an unknown state, the EPR pair and the measuring ap- 
paratus construct a composite system. The quantum mechanicial istate of a composite system and its subsystem cannot 

40 be specified without statistical operators. Therefore, the statistical operators are used to describe quantum states. This 
relies upon an important role of the conservation law In identifying the partners of measurement outcomes in one 
subsystem and allows the formal inconsistency of the EPR problem to be removed within the framework of present- 
day quantum mechanics. Such reasonable answers to avoid the EPR paradox were given by Machida. In the Bennett 
scheme, the transmitted states, which are the partners of measurement outcomes in the subsystem of Alice, are de- 

45 termined by the projection postulate. Therefore, there is no discussion with regard to the law of conservation of physical 
quantities subjected to the measurements. Their physical quantities subjected to Alice's measurement also contain no 
well-known components of spin. 
. . [0014] In the present invention, well-known components of spin .are measured and the law of conservation of spin 
. angular momentum is used to realize the quantum teleportation. According to the Machida-Namiki theory of measure- 

50 ment, quantum mechanical states must be described by statistical operators as will be described in the following. This 

will help one-well-understand the-quantum communication according-to-the present invention. - • • - 

[0015] Classical Boolean states 0 and 1 can be represented by qubits 

ko)-«o|t)+^|i) 
ki)=«x|t)+^|i) (1) 
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These show a superposition of spin up and down states I T) and I >l> like electrons. The state vector I (t)j) (i=0,1 ), which 
is represented by Dirac's ket, is an Alice's chosen qubit for transmission. Complex variables aj and bj satisfy the relation 

5 \af^\bf = ^ . . (2) 

tor normalization. If the z-component of spin is measured in these states, the state I T) or I i> with probabilities I aj |2 
or 1 bj |2 can be obtained, respectively. As the result of these measurements, original states I (^■^) are destroyed, whose 
change is known as the wave function collapse. Two particles as an ancilla, which are called an EPR pair and have 
^0 perfect correlation, are represented by a system consisting of two spin 1/2 particles prepared in an EPR singlet state. 
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l'^'->„-;^(lt),|i>,-|i).|t),) (3) 



which is called an entangled state. In this entire composite system, the measurement of the z-component of spin in 
one subsystem (1 or 2) causes the wave function collapse to occur in the other subsystem. If, therefore, one follows 
-von Neumann projection postulate, the EPR paradox stems from this description of the quantum state by the state 
^0 vector as the results of measurement in one subsystem, and one encounters a "spooky" action-at-a-distance. This 
effect may be called a non-local long range correlation. However, since the measurement yields a change of the pure 
state into a mixture of spin states, this change cannot be described without the statistical operators. The statistical 
operator for this entire pure state Is given by 



[0016] Assuming a complete measurement, the state of the entire system is converted after measurement of S2<"') into 

Pl2--Pl2,.-|(lt),(t|®|i>,{i|-H|iX{i|®|t>,(tl) (5) 

In equation (5), the symbol oo represents the state after measurement in one subsystem. This change of the statistical 
operator represents a disentanglement, and indicates a process which occurs as a result of the decoherence produced 
by the interaction of subsystem 1 with the detector of S^C). After measurement of S^^*' >. the states of subsystems become 

A A _ (2) , A , A 

Pi Pl.oo= (Pl2.oc)= Pi 



where 



A A _(1).A . A 

P2 P2..»«= (Pl2,J = P2 (6) 



Tr^'-y (7) 



means the partial tracing^^ In equatiori^(6), It is shown that the state of one subsystem does not change before and after 
measurement in another subsystem, if the quantum mechanical state is described by the statlstical operator. this also" 
shows the removal of the EPR paradox. 

[0017] The explanation will be made in the following for a quantum communication using teleportation of any qubit 
through a mixture constructed from a triplet state of two spin 1/2 particles as an ancilla. 

[0018] Figure 1 shows a basic flow chart of the quantum communication. Referring to Figure 1 , a sender 10 prepares 
a block 11 of a particle [1], which consists of a predetermined qubit I c{)j> i ( I i is not orthogonal to I i ) and of its 
orthogonal state I \}/j> v The sender and the receiver prepare two entangled particles [2] and [3] as an ancilla, and the 
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particle [2] is maintained in the sender 10 . while the other particle [3] in a receiver 12. In a composite system 14. the 
sender and the receiver prepare to share three states of triplet II ,0) 23, 11,1) 23. ' "'»"'') 23 ^^^^ having the z-com- 
ponentO, 1 and-1. respectively. The sender 10 produces pure product states l<t)>i 11,0)23, lv> 1 II, 1)23. and \\\f)^ II,- 
1> 23. respectively and joins these products into a mixture 16 with an intensity ratio2:1 :1 . Rewriting II ,0) = IH'(+)) , I1,1> 
5 = 11) and 11.-1) = I -1) . the mixture is given by 



10 



where 



15 



20 



|^)-a|t)H-6|i> 

|T^)-=-fc*|t)+a'|i) (9) 



25 Partial tracing yields that 



A -7><^>(A.z,)-|{|v).(v| + k).<^|} 



30 



P„ - rr<«(p,„) - + 1 - 11 + 2| V^*>)^(^'*> |} (10) 



which correspond to the blocks 11 and 14, respectively. Recomposltion of the sub-systems 1,23 with 12,3 gives Pi2.3« 
35 from which 

P3-rr<«>(A^)-i{|T/;>3(V;| + |0)3(0|} . 

40 f (11) 

^5 are obtained, which correspond to blocks 20 and 18, respectively. The sender 10 then makes a joint measurement ot 
the z-component of spin of the composite system 18 on her own particles [1] and [2]. After measurement of S^^''^) , 
Pi 2.3 '® converted into 

so 
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10 



15 



40 



inli)„<iK|-i)„<-i|}®{lfc|'lt>,(thH'|i>,(*D 



*5i'«"")j*"i®<2i«nt),(t|*2|i.ni>,(ih<./.it>,{ih«-6ii),(t|} .02) 

i|i"-L(*-'i®*rit),(t|*2|i,rii>,(i|-<.6-|t)^(4i-«-6|i),(.t-|)] ■ 



Finally, 



+ 

2 



A ^(12), A . A 

P3.- = (Pl2.3. J = Ps 



Pl2.~-'^'-*X2.3.J = Pl2 . ..; ■ (13) 

20 are Obtained. ' • . 

[0019]' The sender. Alice, 10 obtains measurement outcomes 0 or±1 from measurement on the composite subsystem 
consisting of the particles [1] and [2], and sends to the receiver, Bob, 12 the classical results of her measurement via 
classical message line. The receiver 12 receives its message and can know that the state I (t>j> 3 or I yj> 3 is recovered 
on a block of his own particle [3] based on the law of conservation of spin angular momentum. He can then know that 

'25 I (|)q> T or I (t)^) T is transmitted by decoding information derived from the measurement on the particle [3], The way of 
encoding and decoding of classical Boolean states 0 and 1 and the direction of a z-axis may be determined between 
the sender and the receiver. The receiver can also determine 0 or 1 from the difference in probabilities of his meas- 
urement. In contrast to the teleportation scheme of Bennett, the method according to the invention necessitates no 
manipulation to convert the state of Bob's EPR particle into an exact replica of the unknown state which Alice destroyed. 

30 [0020] The preferred embodiments of the inventiori will now be described in detail with reference to. Figures 2 to 6, 

First Embodiment using Photons 

[0021] Theoretically, any spin 1/2 particle such as an electron or neutron etc. can be used for the quantum commu- 
35 nication of a qubit. Actually, however, Its realization by means of these particles would be difficult and the polarization 
of a photon seems the only possible candidate. For this reason, a new method and apparatus have been proposed 
using three photons to realize a quantum communication according to the present invention. 
[0022] If the polarizations of a photon are used as a substitute of the components of spin, 



1**)-^:. \t)~y (14) 



is given, where x and y are the horizontal and vertical linearly polarized states of a photon, respectively. Rewriting I T) 
^5 = X and I i) = y or vice versa, all the aforementioned principles for spin are valid for photons. Experiments, however, 
show that the polarization of a composite system of the particles [1] and [2] cannot be measured as a whole, if the 
polarizations of a photon are used as a substitute for the components of spin because the polarization can be measured 
only for each photon. Moreover, the arrangement using photons makes it impossible to- directly construct the state of 
three photons in the block 16 in Figure 1 'corresponding to equation (8), and also to generate the state of three photons 
so . in the blocks 18 and 20. from which equation (1.1) is derived. Because of these. practicaLconstraints, special means 
are necessary to realize the quaritu^^ ' T 

[0023] An embodiment in Figure 2 makes possible the quantum communication using three photons. In Figure 2, 
the sender 1 0 and the receiver 1 2 prepare blocks 21 and 50, respectively. A light source 22 in the block 21 successively 
generates laser pulses with angular frequency co at intervals of the order of nanoseconds. Each pulse impinges on a 
55 secondary harmonics generator 23 (SHG; for example, KNbOg crystal). Although the laser source generating intermit- 
- tent pulses is used in this embodiment, a laser source which can generate a continuous laser beam may also be used. 
[0024] A photon [1] transmitted through the SHG 23 is introduced into a block 30. A photon with angular frequency 
2(0 generated by the SHG 23 again impinges on a type I parametric down converter 24 (PDC; for example, non-linear 
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crystal KNbOa). "I"^® 24 produces two photons with angular frequency co With one photon introduced into a sender's 
block 40 as beanns of a photon [2] and the other into the receiver's block 50 as beanns of a photon [3] via optical fiber 
25. The type I PDC simultaneously produces two x or y-polarized photons into two different arms. 
[0025] The photon [1] introduced from the SHG 23 into the block 30 is divided into two beams by a beam-splitter 

5 (BS) 31 One beam transmitted through the BS 31 forms the state I <t)> ^ after passing through a Faraday rotator (crystal) 
32 with rotation angles 6. The photon with its direction of polarization rotated by 0 is again divided into two beams by 
a polarizing beam-splitter (PBS) 33 with one beam In an arm axi and the other in an arm by-, each respectively having 
the rotation angle 9. In the PBS 33, the x-polarized photon is reflected and the y-polarized one transmitted therethrough. 
The beam by-, is directly introduced into a detector 62. The beam axi is introduced into a. detector 61 after reflection 

10 by a mirror 34. 

[0026] The other beam reflected by the BS 31 forms the state I \|/> ^ after reflection by a mirror 35 and passes through 
a Faraday rotator 36 with rotation angle Q+k/2. This photon is divided into two beams by a PBS 37 with one beam in 
. an arm a*yi and the other in an arm -b* each respectively having the rotation angle e+7c/2. The beam a*yi is directly 
introduced into a detector 64. The beam -b*Xi is iritroduced into a detector 63 after reflection, by a mirror 38. 
75 [0027] The block 30 of the photon [1] corresponds to the block 11 in Figure 1 . thus forming qubits consisting of I (()> t 
and I \|/> -I on the photon [1]. The qubits corresponding to the classical bits 0 and 1 are thus produced by the Faraday 
rotators 32 and 36 with the different rotation angles of 6. ' 

[0028] The photon ,[2] introduced from the PDC 24 Into the block 40 is divided into two beams by a BS 41 with their 

polarized states maintained. One beam transmitted through the BS 41 is again divided into two arms of Xg and yg by 
20 a PBS 43. The beam yg is directly introduced into a detector 72. The beam X2 is introduced into a detector 71 after 
reflection by a mirror 42. The other beam reflecteci by the BS 41 is divided into two arms of Xg and y2 by a PBS 45 after 
reflection by a mirror 44. The beam y2 is directly introduced into a detector 73. The beam X2 is introduced into a detector 
74 after reflection by a mirror 46. 

[0029] The photon [3] transmitted from the PDC 24 to the block 50 of the receiver via optical fiber 25 is divided into 
25 two beams by a BS 51 . One beam transmitted through the BS 51 is again divided into two arms of X3 and y3 by a PBS 
52. The beam ys is directly introduced into a detector 82. The beam X3 is introduced into a detector 81 after reflection 
by a mirror 53. The other beam reflected by the BS 51 Is caused to pass through a half wave plate 54 for conversion 
from the y- and x-polarized into x- and y-polarized photons. The thus converted beam is divided into two arms of X3 
and y3 by a PBS 56 after reflection by a mirror 55. The beam y3 is directly introduced into a detector 83. The beam X3 
30 is introduced into a detector 84 after reflection by a mirror 57. 

[0030] in the apparatus according to the present Invention, only one photon appears in one of the detectors 61 to 
64 of the block 30, one of the detectors 71 to 74 of the block 40 and one of the detectors 81 to 84 of the block 50, 
respectively, for each pulse generated by the laser source 22. The sender on the subsystem of the photons [1] and [2] 
- measures the coincidence of appearance of photons [1] and [2] and performs a coincidence counting, in which the 
35 coincidence of the photons [1] and [2] appearing at each pair of terminals is counted using counters 111 to 118 as 
shown in Figure 3. 

[0031] The counters 111 to 114 successively count the coincidence of two photons. from a pair of the terminals con- 
nected to the detectors 63,71; 61,74; 62,73 and 64,72, and produces coincidence counting probabilities IbP, lal^, Ibl^, 
and la|2 corresponding to the coefficients a and b at their outputs 91 to 94. 
40 [0032] Similarly, the counters 115 to 118 successively count the coincidence of two photons from a pair of the ter-. 
minals connected to the detectors 61,73; 63,72; 64,71 and 62,74, and produces coincidence counting probabilities 
la|2, lbl2, la|2, andlbl^ corresponding to the coefficients a and b at their outputs 95 to 98. 

[0033] The sender transmits the results of the coincidence counting at the output terminals 91 to. 98 for each pulse 
together with its counting order to the receiver via a classical message. The receiver, on the other hand, counts and 
45 records the appearance of the photon [3] and its appearance order at each terminals connected to the detectors 81 to 
84 of different arms of polarizations. Based on this classical message, the receiver can determine terminals 101 to 1 08 
for his measurement and, as shown in Figure 4, take correlation between the classical message and his measurement, 
i.e., .between measurement outcomes 91 and 101; 92 and 102;, i,,, 98 and 108. The events in which the coincidence, 
occurs on the three photons are collected and counted. This provides the results 101 to 108 with the corresponding 
50 probabilities as shown in Figure 4. The receiver can get X3 with the probability Ibl^ and y3 with the probability lal^ at 
- - the terminals 1 6l-to 1 04, and he thus can determine therefrom that the transmitted qubit is 1 y) 3.. The receiver,- on the 
other hand, gets yg with the probability Ibl^ and X3 with the probability^ la|2 at the terminals 105 to 108, and he can 
determine therefrom that the transmitted qubit is I (|)> 3 . 

[0034], Now assuming, for example, that one classical bit 0 is transmitted to the receiver, the sender operates the 
55 laser source 22 to generate pulses successively at intervals of the order of nanoseconds and sets the variable G to a 
predetermined value using the Faraday rotators 32 and 36. For the photon [1] the sender thus gets the quantum 
superposed states I and its orthogonal state I \|/o> corresponding to the classical bit 0 from the arms of ax-, and 
byi or -b*Xi and a*y-| . The sender produces the photons [2] arid [3] having predetermined polarizations of x or y from 
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the PDC 24, and sends the photon [3] to the receiver 12 via optical fiber 25. 

[0035] The sender 10 counts the coincidence using the counters 111 to 11 8 for each of 100 to 1000 pulses generated 
, by the laser source 22. Since the phenomenon occurring according to the quantunn mechanics is probabilistic, the 
results of measurement can be obtained as a probability of the coincidence countings corresponding to the coefficients 
a and b that represents the classical bit 0, The sender 10 sends to the receiver the measurement outcomes and its 
order at the terminals 91 to 98 via a classical message. 

[0036] .The terminals a^, ay, b^ and by of the receiver 12, who measures the photon [3], are correlated with the 
measuring terminals of the photon [2] A^, Ay , By and of the sender 10, respectively. The horizontally or vertically 
polarized photon appears at the terminals 1 01 to 1 08. The receiver 1 2 counts and records the appearance of photons 
at the terminals associated with the detectors 81 to 84 together with its appearance order. The receiver then chepks 
the appearance of photons at the terminals detemnined based on the coincidence counting on the sender's side, and 
takes the correlation between the measurement outcomes 91 and 101, 92 and 102, ,,,,, 98 and 108. This allows the 
receiver 12 to derive or recover the qubit I v|/o> 3 corresponding to the superposition of and ys with coefficients -b* . 
and a* from the terminals 101 and 1 03 on which the horizontal polarization X3 appears and the terminals 102 and 104 
on which the vertical polarization appears: He can thus know the recovery of I \\fQ) -, on the photon [3]. Similarly the 
receiver can derive I (^q) 3 from the terminals 105 to 108 and know the recovery of I 0o> 1 on the photon [3]. 
[0037] If the sender 10 wants to transmit classical bit 1, she may rotate 0 by an arbitrary value (but, not equal to 0 
or 71 ). This rotation causes a change in coefficients a and b and counting probabilities. The receiver can derive 1 y^) 3 
and I 3 corresponding to bit 1 , and know the recovery of I Vj/-,) ^ and I <t>-j> 1 on' the photon [3]. 
[0038] Figure 7 is an illustrative timing chart showing the coincidence counting of photons [1] and [2] by the sender 
and the correlation between the receiver's results and the classical message to understand the above mentioned 
sequences. For simplicity there are shown only half of pairs of optical channels for the photons (1] to [3] in Figure 2. 
[0039] The generation of one photon from the laser source 22 causes the photons [1 ], [2] and [3] to be produced in 
the block 30, 40 and 50, respectively. The thus produced photon [1] appears on any one of the detectors 61 to 64 with 
a probability depending upon the coefficients a and b, the photon [2] on any one of the detectors 71 to 74 with the one- 
fourth probability and the photon [3] on any one of the detectors 81 to 84 with the one-fourth probability. Figure 7 shows 
these photons [1] to [3] successively appearing on the detectors 61 and 62; 73 and 74; 83 and 84 at random as the 
photons are successively generated from the laser source 22. 

[0040] The sender 10 detects the coincidence of the polarized photons [1] and [2] at the terminals 95. 92, 93, as 

shown in Figure 7, while the receiver 12 records the appearance of the polarized photons [3]. The sender transmits 
the results of coincidence counting via classical communication. The receiver 12 takes the correlation between his 
records and the message transmitted via classical communication and knows that each of the photons [3] respectively 
designated by (*) in Figure 7 is the correctly selected photon whose quantum mechanical partner (i.e. photon [2]) 
coincidentally encountered with the photon [1] on the sender's side. This means the coincidental measurement of 
appearance of the three photons [1], [2] and [3]. these are shown by vertical lines and output as measurement results 
102. 103, 108, 102, 105. ...103, 108 and 105 in Figure 7. The receiver 12 can derive I \|/o> 3 from the measurement 
i-esults 1 02 and 103 and I 0o> 3 ^rom the measurement results 105 and 108 in the case of transmitting the classical bit 
0 (or I \|/-,> 3 and I ct)i> 3 in the case of classical bit 1 ) and know the recovery of I y q> , and I ^ (or I y^) ^ and I <^^)^) 
on the photon [3]. 

[0041] From the above-mentioned description It will be understood that both the results of the coincidence counting 
for each pulse via a classical message and the polarized state of the photon [3] (correlated with the polarized states 
of the photon [2]) are needed to recover the encoded information in qubit of the photon [1] on the receiver's side. The 
eavesdropper can not recover the encoded information. in qubit on the photon [1] from only the information on the 
•coincidence counting for each pulse in the classical message line or from measurement of the polarized states of the 
photon [3] in the optical fiber 

[0042] The quantum transmission channel 25 passes the polarized photons carrying no information, thus making- 
eavesdropping at the channel 25 impossible. That is, the quantum channel 25 functions only to transmit the polarized 
photons and the classical channel serves to transmit information necessary to determine the terminals for rhea 
on the receiver's side. This means that data from the quantum and classical channels ar^ needed for 100 to 1000 
pulses to recover bit 0 or 1. If pulses reduce in number, for example, to a half because of the eavesdropping-at the-- 
"^quantum channel "2^^ cannot recover the infdrnhation from the sender In"' 

this sense, the communication can be destroyed. However, the predetermination of coefficients a and b for bit 0 or 1 
between the sender and the receiver allows the receiver to recover the information of the sender and the eavesdropping 
to be prevented. 

[0043] In the teleportation process using photons, the measurement and the classical message are more complicated 
than those in Figure 1. This is because the use of photons causes the practical constraints as mentioned at the end 
of paragraph "phnciple". It is to be noted that the measurement on the receiver's side may be recorded automatically 
for later reading In response to the classical message from the sender 
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[0044] The results of measurement at the terminals 91 to 94 and at the terminals 95 to 98 correspond to the ± 1 and 
0 for measurement of spin, respectively. In this respect, the incorporation of AND and OR gates to the measurement 
terminals of the detectors 6 1 to 64 and 71 to 74 may simplify the measurement of the sender and his classical message. 
Although the measurement at the terminals 101 to .108 of the receiver can be simplified by -presetting the variable 9 of 
5 the Faraday rotators 32 and 36, It can also be simplified by replacement of the above-mentioned measurement into 
measurement of I <!>> 3 and I v> 3 . 

[0045] in Figure 2, the block 30 of the photon [1 ] and the block 40 and 50 correspond to the first and second equations 
(10), respectively The block 21 and the block 50 after measurement at the terminals 91 to 98 correspond to the second 
- and first equations (11). Similarly, the block 21 and the block 50 after measurement at the terminals 91 to 98 correspond 
10 • to the equation (1 2). However, as mentionedat the end ofparagraph "principle", these correspondences do not'mean 
• that the arrangement of the blocks is equivalent to equations (1 0), (11 ) and (1 2). but they bring about the same results 
of coincidence counting In terms of a quantum communication. 

[0046] In Figure 2, other elements such as filters or dummy mirrors may be used to adjust the intensity of light in the 
blocks 30. 40 and 50 or to adjust the path of light for simultaneous arrival of photons within the response time of the 
IS detectors 61 to 64, 71 to 74 and 81 to 84, but they are omitted in the drawings for purposes of simplicity. The adjustment 

of the temperature of the PDC crystal is also omitted for simplicity Polarizers for refining the measurement or commu- 
nication are also onniltted. It will, however, be understood that the omitted optical .elements can be easily provided, if 
.necessary 

[0047] It may be possible to replace some of the optical elements or add a few optical elements in Figure 2.without 
20 changing the substantial arrangement. For example. . a type II PDC may be used in replacement by the type I PDC 24,. 
or a half wave plate with a/2 may be used. The Faraday rbtator with the rotation angle 6 can also be replaced by a half 
mirror with an arbitrary coefficient of reflection. 

Second Embodiment using Photons 

25 

[0048] In the first embodiment, the probabilities of coincidence counting are redundant and only the encoded bit 0 
or 1 can be recovered In terms of the absolute values of coefficients a and b.. Figure 5 shows an improved embodiment 
in which the drawbacks can be overcome and the encoded information can be recovered also in terms of phase dif- 
ferences between the coefficients a and b. 
30 [0049]. In Figure 5, the same optical elements as those jn. Figure 2 are indicated by the same reference numerals 
and their'detalled explanation is omitted. In Figure 5, two Faraday rotators 47 and 58 with the rotation angle of -7i/4 
with respect to.x-axis are added between the mirror 44 and the" PBS 45 in the block 40 and between the half wave . 
plate 54 and the mirror 55 in the block 50, respectively 

[0050] In this arrangement, the same coincidence countings as shown in Figure 3 are performed at the terminals 
35 • ¥y . and Ay of the detectors 63. 64, 71 and 72, respectively The sender sends these results of counting to the 

receiver via a classical message: The receiver counts the photons appearing at the terminals a^ and ay of the detectors 
81 and 82 and takes correlation between his measurement and the classical message, as is the same with the first 
embodiment in Figure 2. This allows the receiver to recover the encoded information in terms of the absolute values 
of coefficients a and b. 

40 [0051] On the other hand, the insertion of the Faraday rotators 47 and 58 changes the processes of the coincidence 
counting at the terminals c}),^, c|>y ,By and of the detectors 61, 62. 73 and 74, the counting at the terminals by and b^ 
of the detectors 83 and 84, and the correlation taken between the measurement on the receiver's side and the classical 
message as follows: the measuring direction of polarization is rotated by n/4 (+ direction) at the terminals (t)^ , B^ and 
bx of the detectors 61 , 74 and 84, respectively while by 37i/4 (-direction) at the terminals 0y . By and by of the detectors 
45 62, 73 and 83. Coincidence countings 92, 93, 95 and 98 on the photon [1] and [2] are the same as those in Figure 3. 
However, the results of measurement 102, 103, 105 and 108 on the photon [3] are changed into measurement results 
1 1 1 to 114 as shown in Figure 6, since the x> and y-polarlzed states mix by the exchange of terminals by and b^^ of the 
. detectors 83,and,84..This change causes the probabilities of. coincidence counting, to be converted into the square of 
. Ja -f- bj and.la.- bl.'a'nd allows the receiverto recover the.encoded information in terms of the phase differences between 
50 the coefficients a and b. _ 
n [0052] In-this second ernbodirnent. the redundancy-of the measurement outcomes-can be reduced to a half of the 
first embodiment. In addition, the full message involved in coefficients a and b ean be recovered. 

Third Embodiment using Photons 

55 

[0053] The detectors of photon 61 to64,71 to74and81 to 84 used in the first and second embodiments can measure 
only one photon. The detectors are made of expensive avalanche photo diodes (APD). The APDs can be reduced in 
number to a half of the previous embodiments. Nevertheless, the full message involved in coefficients a and b can be 
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recovered. For this purpose, coincidence countings at the terminals y^^, \|/y , and Ay of the detectors 63, 64, 71 and 
72 are onnitted, and the photons arriving at the arnns connected thereto are not counted. Accordingly, the measurements 
at the terminals a^ and ay of the detectors 81 and 82 on the receiver's side are also not performed. 
[0054] On the other hand, the same processes as those in the first embodiment are carried out with respect to 
coincidence countings at the terminals (^^ , 0y , and By of the detectors 61 . 62. 73 and 74, transmission of these 
results via a classical message, the determination of the terminals b^^ and by of the detectors 83 and 84, and the 
measurement at these terminals. This, allows the receiver to recover encoded information in terms of the absolute 
values of coefficients a and b. - 

I*^® '^®^®.':'[.®!^.®"^® ®® rnentloned in the second embodiment are then performed at the terminals <t)x , <t)y , , 
By , bx and by of the detectors 61 , 62, 73, 74, 83 and 84, thus allowing the receiver to recover the encoded information 
in terms of phase differences between the coefficients a and b. 

[0056] This makes it possible to reduce the APDs in number by . a half as compared with the first and. second em- 
bodiments. In addition, the full message involved in coefficients a and b can also be recovered. This also makes It 
possible to realize a Bennett type of communication using a pure state of particles [2] and [3] as an ancilla, though the 
scheme is not the same as that of the Bennett. In addition to the communication using binary digits, multi-valued 
communication Is also possible so far as the difference of probabilities can be determined In these communications. 



Claims 

1. A nniethod for a quantum communication adapted for use In transmitting a quantum state or qubit from a sender 
(10) to a receiver (12), comprising the steps of: 

generating photons successively; 

generating from the successively generated photons a first photon ([1]) with its polarization (x-,, y^) modified 
according to encoded information to be sent; 

generating from the successively generated photons second and third photons ([2]; [3]) having polarization 
(X2, ygi X3, ys) quantum-mechanically correlated; 

measuring the polarization of the colncidentally appearing first and second photons ([1]; [2]) successively on 
. the sender's side (10) to transmit measurement outcornes (91 to 98) therefrom to the receiver (12) via classjcal. 
communication; and 

successively measuring on the receiver's side the polarization (X3, y3) of the third photon ([3]) appearing in 
quantum- mechanically correlated relationship with the second photon ([2]), the polarization (x^ , yi ) of the first 
photon ([1]) being recovered on the third photon ([3]) based on the measurement outcomes transmitted by 
the sender (10), 

2. A method according to claim 1, wherein information is decoded in terms of absolute values of coefficients (a; b) 
of X- and y-polarized states (x^, y^) of the first photon ([1]). 

3. A method according to claim 1 , wherein information is decoded in terms of a phase difference of coefficients (a; ' 
b) of X- and y-polarized states (+1 , of the first photon ([1 ]). 

4. An apparatus for a quantum communication adapted for use in transmitting a quantum state or qubit from a sender 
(10) to receiver (12), comprising: 

a light source (22) for generating photons successively; 

means (23) for successively producing from the photons a first photon ([1 ]) with Its polarization (x^ , y^ ) modified 
according to encoded information to be sent to produce a qubit having a superposition of horizontally and 
vertically polarized states with predetermined coefficients (a; b); 
. means (24) for successively, producing from the photons second and third photons ([2]; [3]) having horizontally 
or vertically pdlarized"states (X2; y2; X3,'y3) which are mutually quant um-mechanically correlated; 
means (61 to 64; 71 to 74; 111 to 118) for successively measuring on the sender's side the polarized states 
(Xv y^-Xg, y2) of the colncidentally appearing first and second photons ([1]; [2]); 

means for transmitting outcomes of measurement from the sender (10) to receiver (12) via classical commu- 
nication; and 

means (81 to 84) for measuring on the receiver's side the polarized state (X3, y^) of the third photon ([3]) 
appearing in quantum-mechanically correlated relationship with the second photon ([2]), the superposition of 
the horizontally and vertically polarized states (Xi, y^) of the first photon ([1]) being recovered on the third 
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photon ([3]) based on the measurement outcomes transmitted by the sender (10). 

An apparatus according to claim 4, wherein the coincidence of the first and second photons ([1]; [2]) is counted to 
provide probabilities corresponding to the coefficients (a; b) of the horizontally and vertically polarized states (x^. 
y^) of the first photon ([1]). 

An apparatus according to claim 4 or 5, wherein information is decoded in terms of absolute values of coefficients 
(a; b) of horizontally and vertically polarized states (x^. y^) of the first photon ([1]). 

An apparatus according to claim 4 or 5, wherein informatlon is decoded in terms of a phase difference of coefficients 
(a; b) of horizontally and vertically polarized states (x^. y^) of the first photon ([1]). ' . 
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